Abstract-This paper proposes a new microstrip slow-wave structure. The unit cell comprises a Schiffman section of meander line and a shunt open-circuited stub. No via-holes and ground-plane patterns are required. Simple design formulas can be used to obtain line parameters, such as the characteristic impedance and phase velocity. According to the analysis, the characteristic impedance and slow-wave factor of the proposed slow-wave line can be independently controlled by merely two layout parameters. The proposed uniplanar structure only requires a single-layer substrate and is simply constructed using the conventional printed circuit board manufacturing process. A branch-line and a rat-race coupler were designed and fabricated using the proposed structure to demonstrate its feasibility. Their sizes are only 8.49% and 4.87% of the conventional ones, respectively. This novel slow-wave structure should find wide applications in compact microwave circuits.
I. INTRODUCTION
A MICROSTRIP line plays an important role in microwave circuits since it can be fabricated by photolithographic processes and is easily integrated with passive and active microwave devices. The length of the conventional microstrip line is dominated by the dielectric constant [1] so that the circuit constructed by the conventional microstrip line cannot reduce the phase velocity less than of the free-space light velocity. Therefore, the circuit may occupy a large area, which results in a serious problem for miniaturization. To reduce the circuit size, the high dielectric-constant substrate may be employed.
Slow-wave guiding structures have been extensively studied to reduce the circuit size [2] - [20] . The mechanism behind the slow-wave propagation is to separately store the electric and magnetic energies as much as possible in the guided-wave media. Among these structures, this paper focuses on the microstrip slow-wave structures where the conductor-backed ground plane is required. For the microstrip line, slow-wave structures can be constructed in multilayer substrates [6] - [8] . However, to simplify the fabrication process and to maintain the low cost, the slow-wave structures with only a single-layer substrate are more preferable [9] - [20] . They can be realized on a single-layer substrate with a periodic dielectric constant [9] , or they have the periodic perturbations on the signal and ground planes [10] - [20] . Nonetheless, they may not have a simple and efficient synthesis method so that the try and error procedure would be necessary for the prescribed characteristic impedance and slow-wave factor. In addition, the substrate of some structures may be required to be suspended due to the defected ground plane. In [19] , we propose a slow-wave transmission line with the signal strips and the inserted ground strips periodically loaded in the internal part of the conventional microstrip line. It has a simple structure and a higher slow-wave factor compared to the previous studies. However, the adjustment of the dimensional parameters in this structure influences the characteristic impedance and the slow-wave factor simultaneously so that the control of these two parameters would not be straightforward. In addition, it may be difficult or impossible to drill many via-holes in a small region due to fabrication tolerances and substrate intensity. Table I compares several microstrip slow-wave structures.
In this paper, we propose a novel slow-wave microstrip structure that comprises a Schiffman section of meander line and a shunt open-circuited stub. Its dimensions are easily synthesized for the prescribed characteristic impedance and slow-wave factor. In other words, the characteristic impedance and the slow-wave factor can be controlled individually, which solves the problem mentioned above. The proposed slow-wave 0018-9480/$31.00 © 2012 IEEE line has an extremely low fabrication cost due to the conventional single-layer printed circuit board (PCB) process without via-holes and ground-plane patterns. The design equations and characteristics of the proposed slow-wave structure are examined in detail. Finally, we design a branch-line and a rat-race coupler using the proposed transmission line to demonstrate its applications.
II. PROPOSED SLOW-WAVE STRUCTURE Fig. 1 depicts the schematic of the proposed slow-wave microstrip structure. Each unit cell consists of a meander line and a shunt open-circuited stub. The lengths of the unit cell corresponding to the meander line portion and the shunt stub portion are and , respectively, and their total transverse widths are both . Thereby, the length and width of the unit cell are and , respectively. The spacings between adjacent lines are all . The line width of a meander line is . Thus, . The characteristic impedances of the meander line with a width and the shunt stub with a width are and , respectively. The slow-wave transmission line is characterized by the characteristic impedance and the propagation constant as follows [21] :
where and are the total inductance and capacitance of the unit cell, respectively. The idea behind the proposed slow-wave structure is that the inductance is mainly attributed to the high-impedance meander line (i.e., ), and the capacitance is primarily controlled by the shunt open-circuited stub (i.e., ). As a result, we can choose as high as possible first and then determine according to . Furthermore, in practical calculations, all inductances and capacitances associated with the meander line portion and the shunt stub portion should be taken into account in each unit cell. In applications, is usually long to obtain large capacitance, and the coupling is small for wide coupled lines. Thus, in the following discussion, for simplicity, we ignore the coupling between the meander line and the shunt open-circuited stub and the influence of the T-junction effect.
First, consider the high-impedance meander line in the unit cell, as shown in Fig. 1(b) . The configuration of the meander line can be regarded as the parallel coupled lines where one end is connected, which forms a Schiffman section. For fixed and , the image impedance and phase constant of a Schiffman section are given by [22] (3) (4) where and are the even-and odd-mode impedances of the parallel coupled lines, respectively. is the electrical length of the transmission line. In the proposed unit cell, , where is the propagation constant of the microstrip line with a width . Since in the real situation and , (4) is further reduced to (5) Moreover, on the basis of the Taylor-series expansion of cosine function, (4) can also be written as (6) The propagation constant of a Schiffman section is (7) Comparing (5) and (6), is proportional to , and consequently from (7), is proportional to as well as to the frequency. The inductance and the capacitance due to the meander line in the unit cell can be calculated as follows:
The second part of the above two equations corresponds to the three short lines with a length in Fig. 1(b) . Now, consider the shunt open-circuited stub in the unit cell, as shown in Fig. 1(c) . The inductance and the capacitance due to this portion are derived as (10) (11) where and are the characteristic impedance and propagation constant, respectively, of the microstrip line with a width . and are the characteristic impedance and propagation constant, respectively, of the microstrip line with a width . Summarizing from (8)- (11), the per-unit-length inductance and capacitance in the proposed unit cell are
It is worthwhile to discuss the proposed unit cell and the above equations in more detail. Note that the longer the length is, the smaller the characteristic impedance is. Thereby, increases based on (11) . Under this condition, since is mainly determined by , will increase. is primarily controlled by , and is attributed to the meander line portion so that is almost not influenced by belonging to the shunt open-circuited stub. In summary, as becomes longer, increases and remains almost constant. Consequently, from (1), the characteristic impedance of the unit cell becomes smaller. This indicates that can be easily changed by adjusting for fixed and . Since usually , , and in practical applications, from (8)- (11), and can be simplified as follows: (14) (15) Accordingly, and are both proportional to so that from (1), remains constant as changes. Moreover, according to (2) , is proportional to . These two properties are very important in the design of the proposed slow-wave line since we can control the propagation constant and the slow-wave factor by adjusting without changing . To demonstrate the property of the proposed structure, the substrate with a dielectric constant and a thickness mm is taken as an example. The electrical parameters of the microstrip line in the design equations (i.e., , ,
and ) are quickly obtained by using the circuit simulator AWR Microwave Office [23] . The commercial full-wave electromagnetic (EM) simulation software Sonnet [24] is used to compare the calculated and simu- lated results. In the following discussion, we fix mm (i.e., ) based on the allowable fabrication process and mm (i.e., mm). Taking the frequency at 0.9 GHz as an example, Fig. 2(a) plots the slow-wave factor defined by versus total transverse width , where is the free-space wavelength and is the guided wavelength of the proposed slow-wave line. It is seen that the proposed structure has a very high slow-wave factor. Furthermore, the slow-wave factor increases as the width of the unit cell increases, and these two parameters are linearly proportional to each other. The results from the equations and the EM simulations are in good agreement with each other. The small discrepancy between the calculated and simulated results is mainly due to the coupling between the shunt open-circuited stub and the meander line. This is especially obvious for the mm case since the coupling is stronger for narrow coupled lines. Fig. 2(b) shows the characteristic impedance of the proposed slow-wave line versus . Apparently, as varies from 2.5 to 4 mm, the slow-wave factor increases significantly, whereas remains almost constant. This is consistent with the theoretical results. For the substrate with a loss tangent of 0.0021 in the simulation, Fig. 2(c) gives the per-unit-guided wavelength loss versus for the three slow-wave lines with different . The simulated result indicates that the loss has a small variation as changes. Fig. 3 shows the characteristic impedance versus length for mm. Apparently, the longer the length is, the smaller the characteristic impedance is, which corresponds with the above discussion. The calculated and simulated results are consistent with each other.
To observe the dispersive property of the proposed structure, take the dimensions in Fig. 2 as an example. For mm, Fig. 4(a) plots the slow-wave factor versus frequency from 0.5 to 1.3 GHz, which covers more than the operating frequency range in the following circuit examples. Fig. 4(b) shows the simulated characteristic impedance versus frequency for different (i.e., different slow-wave factors). The calculated and simulated results indicate that both the slow-wave factor and the characteristic impedance remain almost constant with respect to the frequency. Again, for the substrate with a loss tangent of 0.0021 in the simulation, Fig. 4(c) gives the per-unitguided wavelength loss of the proposed slow-wave structure. At 0.9 GHz, the loss of the proposed unit cell with is approximately 0.9343 dB and decreases as the frequency increases. The proposed structure has a larger loss compared to the 50-conventional microstrip line, which is 0.4418 dB , where is the guided wavelength of the 50-conventional microstrip line on the substrate at 0.9 GHz. For mm as an example, Fig. 5 shows the simulated -parameters of the proposed slow-wave line consisting of five unit cells. The frequency where drops quickly corresponds to the cutoff frequency. Since the same in the three cases implies almost the same based on (14) , the larger is, the smaller the characteristic impedance and the cutoff frequency are. Therefore, the structure with mm (i.e., ) has the smallest cutoff frequency among the three cases. 
III. APPLICATION OF THE PROPOSED SLOW-WAVE STRUCTURE
To demonstrate the proposed structure, one branch-line and one rat-race coupler were designed and implemented. Both circuits were fabricated on the Rogers RO4003 substrate with a dielectric constant of 3.38, a loss tangent of 0.0021, and a thickness of 0.203 mm. The circuit simulator AWR Microwave Office [23] and the full-wave EM simulation software Sonnet [24] were used to obtain the electrical parameters in the design equations and to perform the simulation, respectively. The measurements were carried out using an Agilent 8720ES network analyzer. The design steps of the proposed unit cell are summarized as follows.
Step 1) Identify the characteristic impedance and slowwave factor of the slow-wave line. Set the transverse width of the unit cell arbitrarily since this width will be adjusted for the specific slow-wave factor in Step 4). The procedure of choosing arbitrarily here has almost no effect on the calculation of in Step 3). This feature has been illustrated in Fig. 2(b) .
Step 2) Determine the width and spacing of the Schiffman section of meander line. Usually, for large and small area, the values of and are very small and should be limited by the allowable fabrication process. Once and are given, the even-and odd-mode impedances and of a Schiffman section can be obtained. According to (3), (4), and (7), we calculate and .
Step 3) From (1) and (8)- (13), the length is available for the specific .
Step 4) As mentioned earlier, the adjustment of has almost no effect on . Hence, calculate from (2) and (8)- (13) for the specific slow-wave factor. As a result, the unit cell with the prescribed and slow-wave factor is achieved.
Step 5) Replace the conventional microstrip line with the designed structure. Finally, the circuit is simulated with a full-wave EM simulator to take the effects of couplings, discontinuities, and junctions into account. 
A. Branch-Line Coupler
The branch-line coupler comprises four line sections, two of which have the characteristic impedance of 35.36 , and two of which have the characteristic impedance of 50 . The proposed slow-wave structure is used to replace these four transmission lines. The slow-wave factor is chosen as 5.6 for the 35.36-and 9.2 for the 50-conventional microstrip line. First, we set mm arbitrarily. Here, mm and mm are fixed so that mm, , and . Thus, and from (3) and (4), and (7). Applying (1) and (8)- (13), the lengths of the unit cell for the shunt stub portion are obtained as mm for and mm for . From (2) and (8)- (13) with the prescribed slow-wave factor, we calculate mm for the 35.36-line and mm for the 50-line. The proposed branch-line coupler was designed at the center frequency of 940 MHz. On the basis of the calculated values and after slightly fine tuning the whole circuit using the full-wave EM simulator, is the guided wavelength of the 50-conventional microstrip line on the substrate at the center frequency. The simulated and measured performances of the branch-line coupler are given in Fig. 8 . The measured and are 3.485 and 3.65 dB at the design frequency of 940 MHz, respectively. According to Fig. 8(b) and (c), from 0.83 to 1.05 GHz, the measured amplitude imbalance between and is less than 0.9 dB, and the measured phase difference is 90
1 . Over this frequency range, the measured result shows that the return loss and the isolation are better than 12.02 and 13.63 dB, respectively, corresponding to a fractional bandwidth of 23.4%. Compared to the conventional branch-line coupler, the proposed one has almost the same bandwidth and a slightly larger insertion loss. It reduces the area to 8.49% of the conventional branch-line coupler. 
B. Rat-Race Coupler
The rat-race coupler consists of one and three line sections with the characteristic impedance of 70.7 . Again, mm and mm are chosen. The slow-wave factor is 9.6 for both the and line sections. Following the same design procedure as in the previous example, the proposed rat-race coupler was designed at the center frequency of 930 MHz. Fig. 9 depicts the final physical layout and dimensions of the proposed rat-race coupler. Fig. 10 displays the photograph of the fabricated rat-race coupler. The size of the coupler is 25.05 mm 9.65 mm, which is , where is the guided wavelength of the 50-conventional microstrip line on the substrate at the center frequency. The proposed rat-race coupler has only 4.87% area of the conventional one. It has almost the same bandwidth and a slightly larger insertion loss compared to the conventional rat-race coupler. For -port (port 1) excitation, Fig. 11 shows the simulated and measured results. The measured and are 3.55 and 3.32 dB at the design frequency of 930 MHz, respectively. The measured result shows that the return loss and the isolation are better than 22.8 and 24 dB from 0.84 to 1.015 GHz, respectively, corresponding to a fractional bandwidth of 18.9%. Over this frequency range, from Fig. 11(b) and (c), the measured amplitude imbalance between and is less than 0.64 dB, and the measured phase difference is less than 5 .
For the signal applied to -port (port 4), the simulated and measured responses of the rat-race coupler are illustrated in Fig. 12 . At the design frequency of 930 MHz, the measured is 3.65 dB, and the measured is 3.42 dB. According to the measured result, the return loss and the isolation are better than 21.5 and 24 dB from 0.84 to 1.015 GHz, respectively. Across this frequency band, Fig. 12(b) shows that the measured amplitude imbalance between and is less than 0.26 dB, and Fig. 12(c) indicates that the measured phase difference is between 173 and 186.4 .
IV. CONCLUSION
In this paper, a new type of slow-wave transmission line consisting of a Schiffman section of meander line and a shunt opencircuited stub has been presented. The proposed slow-wave line has an extremely low fabrication cost due to its single-layer, no via-hole, and no ground-plane-pattern structure. The design formulas and processes are well demonstrated to control the characteristic impedance and the slow-wave factor. Due to the flexibility and easy realization of this slow-wave structure, it has been used to design the miniaturized branch-line and ratrace couplers. Good agreement between the simulated and measured responses is observed. Therefore, the proposed slow-wave structure is very appropriate for compact microwave components and monolithic microwave integrated circuits (MMICs).
